Magnesium reabsorption and regulation within the kidney occur principally within the cortical thick ascending limb (cTAL) cells of the loop of Henle. Fluorometry with the dye, mag-fura- Homeostasis of total body magnesium occurs principally within the kidney by epithelial cells of the cortical segment of the thick ascending limb (cTAL)' of Henle's loop (1-3). Shareghi and Agus (4), using in vitro perfused tubules, provided evidence for passive magnesium transport probably moving through the paracellular pathway. These early observations were supported by the findings ofde Rouffignac and colleagues (1, 5). However, the later investigators also showed that magnesium transport may be altered in the absence of voltage and resistance changes and NaCl absorption, suggesting that magnesium transport may be active in nature (5).
Homeostasis of total body magnesium occurs principally within the kidney by epithelial cells of the cortical segment of the thick ascending limb (cTAL)' of Henle's loop (1) (2) (3) . Shareghi and Agus (4), using in vitro perfused tubules, provided evidence for passive magnesium transport probably moving through the paracellular pathway. These early observations were supported by the findings ofde Rouffignac and colleagues (1, 5) . However, the later investigators also showed that magnesium transport may be altered in the absence of voltage and resistance changes and NaCl absorption, suggesting that magnesium transport may be active in nature (5) .
Although we have considerable understanding of transepithelial magnesium movement and some ofthe factors that control transport, little is known about the intracellular regulation ofmagnesium (1) (2) (3) (4) (5) . This, has been due in part to the lack ofan adequate radiotracer of magnesium or other suitable quantitative methods (2, 6) . More important was the deficiency of an adequate means of assessing free Mg2" activity. The recent development of fluorescent dyes for Mg2" should allow a better understanding of cellular free Mg2" movements (7) . It is the free Mg2" concentration ([Mg2J] i) that is thought to be important in determining plasma membrane transport and entry into biochemical processes rather than total magnesium, much of which is bound to intracellular ligands (6) . The use of magfura-2 to assess [Mg2+]i may not clarify an understanding of paracellular vs. intracellular magnesium absorption but it could contribute to our knowledge of intracellular Mg2" control.
The purpose of the present study was to (8, 9) . Briefly, tissue from the innermost fifth ofthe cortex (beginning 1-2 cm above the outer red medulla and extending toward the cortex) was obtained from porcine kidneys. The tissue was gently minced and added to 0.1 % collagenase in Hepes-buffered Krebs solution (in mM): KCI 5, NaCi 145, Na2HPO4 1, CaCI2 1, MgCl2 0.5, glucose 5, Hepes 10, pH 7.4. This tissue was diluted to 40 ml of buffer containing 0.1% collagenase and incubated for 5 min in a shaker bath at 370C. Control of this step is critical because overtreatment with enzymes decreases viability of the cTAL cells. After the tissue was dispersed with collagenase, the mixture was centrifuged at 700 rpm for 2 min and the supernatant was removed. The tissue pellet was resuspended and centrifuged through 10 ml of 10% BSA to remove subcellular debris (8) . The pellet (350-400 mg of protein) containing tubular fragments and single cells was resuspended in an admixture ofDME and Ham's F12 (1:1) media. Goat anti-human uromucoid serum (50 mg of protein/ml) was added (100 ,gl/l0 ml) to the cellular mixture and incubated for 30 min on ice.
The cells were washed twice with PBS (pH 7.4) by gentle centrifugation. Cell suspensions (4 ml) were added sequentially to plastic petri plates (80 mm, Coming Glass, Inc., Coming, NY) previously coated with 80
,gg of rabbit anti-goat IgG as detailed by Allen et al. (9) . The cells were rocked on the antibody-coated dishes for 3-5 min at 21 OC. Each dish was then washed six times with 5-ml aliquots ofPBS. The attached cells were subsequently dislodged by a sharp tap on the plate and collected by gentle centrifugation. The pelleted cells were dispersed with DMEHam's F12 culture media and grown on the appropriate support in 95%/5%, air/CO2. Our experience with cell isolation from porcine kidneys were similar to those reported for the rabbit by Allen and coworkers (9, 10 (14) . Confluent cell monolayers were dissolved for 1 h in 12% perchloric acid before magnesium determination. Total magnesium content is expressed as micrograms per milligram protein (14) . 28Mg and '5Ca uptake measurements. 28Mg and 43Ca uptake was performed by methods similar to those previously described (15 (1) . Basal cAMP concentrations were 25.9 1.0 pmol * mg-protein* 10 min'. Parathyroid hormone (10-7 M), antidiuretic hormone (I -7 M), and calcitonin (Io-' M) stimulated cAMP release by 1.3+0.2-, 3.2±0.1-, and 1.8±0.1-fold (n = 4), respectively, in cells cultured for 5-6 d on plastic supports. Glucagon (10-6 M) failed to stimulated cAMP formation in cultured cTAL cells, which is in concert with the observations of Allen et al. (9) . However, when cAMP production was measured on the cell suspension prepared from the renal tissue, glucagon stimulated cAMP release by 1.52-fold (n = 2). Accordingly, the glucagon receptor does not appear to be exposed in cTAL cells cultured on supports although it is present at the time of cell isolation (8) . The presence of receptors for parathyroid hormone, calcitonin, antidiuretic hormone, and glucagon indicates that these cells originated from the cTAL (1) .
The cTAL cells demonstrated Na/K/Cl cotransport as indicated by bumetanide-sensitive 86Rb uptake; amounting to 40% of control uptake which was 0.47±13 nmol-mg-' protein* min-' (n = 3). The above characteristics indicate that the cultured cells have retained many ofthe assayed functions typical of thick ascending limb cells within the intact kidney.
Basal Mg2" levels. The mean basal concentrations ofintracellular Mg2e is 0.52±0.02 mM, n = 30 ( Fig. 1) . The distribution ofcellular concentrations around the mean value followed a normal fashion (Fig. 2 ). The mean [Mg2+]i for cTAL cells was significantly greater than MDCK cells, 0.49±0.03 mM, n = 7 (15) or isolated cardiomyocytes, 0.46±0.01 mM, n = 56 (12).
Since intracellular Mg2" is in the order of 0.5 mM, only 1-2% of the total cell magnesium is in the free form. There was no change in intracellular [Ca2"] after the addition of MgCl2 to the bathing medium either in normal or magnesium-depleted cTAL cells. The following studies will indicate that this influx pathway is distinctive and regulated by intracellular Mg2" concentrations. Fig. 3 illustrates the effect of cellular magnesium depletion on net 28Mg uptake into cells. Net 28Mg uptake was significantly greater in isolated cells grown in magnesium-deficient media compared with those cells cultured in normal media containing 0.6 mM magnesium, confirming the notion that these epithelial cells can intrinsically adapt their transport rates accordingly to the availability ofmagnesium. We and others (2, 16) have shown that the intact kidney increases magnesium reabsorption in response to magnesium depletion such as that which occurs after consumption of magnesium-deficient diets. Net 45Ca uptake rates were similar in confluent cTAL cells cultured in normal media or magnesium-deficient media (0.70±0.07 vs. 0.61±0.07 nmol mg-' protein min-', respectively). Our interpretation of these findings is that the adaptative response to low magnesium media is specific to magnesium which is consistent with the observations within the intact kidney where magnesium transport rates may be altered without associated changes in calcium transport ( 16) . rate returned to near normal values (Table I ). The notable exceptions were Ni2" and Be2" where the refill rates were 182±48
and 109±12 nM *s-', respectively.
Inhibition ofMg2" entry by organic Ca2" channel blockers. Next, we tested a number of organic Ca2" channel blockers for their ability to inhibit Mg2" refill in magnesium-depleted cells (17) (18) (19) . Nifedipine, a 1,4 dihydropyridine derivative, inhibited the Mg2" influx pathway ( Figure 3 . Stimulation of net 28Mg uptake in magnesium-depleted cTAL cells. cTAL cells were grown to confluence (7-14 d) in DME/ Ham's F12 containing 0.6 mM magnesium. Monolayers were then cultured in normal (0.6 mM) or low magnesium (< 0.01 mM) media for 16 h before study. Magnesium uptake was determined with 0.1 mM 28Mg over 5 min. Incubations were terminated by rapid aspiration ofthe transport solution and addition ofice-cold stop solution.
Cells were solubilized in 0.5% Triton X-100 and 28Mg was determined on the extraction solution. Ca2+ channels, increased the rate of change of [Mg2+]i (Fig. 5 ).
Verapamil, a phenylalkylamine, and diltiazem, a benzothiazepine derivative, also inhibited Mg2+ refill but to a lesser extent compared to nifedipine (Table II) . The apparent potency sequence of these channel blockers is in the order of: nifedipine > verapamil = diltiazem. These findings suggest that Mg2+ entry may be through a channel with a close homology to Ca2+ channels. Further studies are required to establish this point. The concentrations ofthe traditional channel blockers used here are relatively high; but the external magnesium concentration used for refill is also high, 5 mM. We choose this concen-1.0 -0.8 -tration because this value approximates the intraluminal magnesium concentration which is normally found in the ascending limb of Henle's loop (1, 2) . To test whether smaller concentrations of blockers may inhibit Mg2" uptake, we performed studies with various concentrations of nitrendipine, another 1,4 dihydropyridine analogue, and external magnesium concentrations of 0.25, 1.0, and 25 mM. A Dixon plot was used to obtain an apparent Ki value of 0.94 ,uM (Fig. 6 ).
These studies indicate that the effective concentration of blocker required for the inhibition is dependent on the external magnesium concentration used for refill.
Pimozide, a neuroleptic agent, which has also been shown to block Ca2+ channels (19, 20) , also inhibited Mg2" influx in cTAL cells (Table II) . Antagonism by this drug was poorly reversible after removal and extensive washing with pimozidefree buffers. A number of other selective and semi-selective agents were used to characterize the specificity of Mg2e entry into cTAL cells. Quinidine, a fast Na+ channel blocker, and tetrodotoxin, an inhibitor of Na+ channels were tested. These agents also have been reported to inhibit Na'-Mg2+ exchange in red blood cells (21-23) and squid axons (24) . Quinidine and tetrodotoxin had no effect on Mg2e refill into magnesium-depleted cells (Table III) suggesting that sodium ions are not directly involved with Mg2"; entry for instance, though a putative Na'-Mg2+
exchanger (21) (22) (23) (24) . Amiloride, an inhibitor of Na+ channels, had no effect on Mg2" refill but dichlorobenzamil, a potent inhibitor ofNa+ transport and Na'-Ca2+ exchange (25, 26) had modest effects on refill. The basis for this latter observation is unknown. On balance, these studies would suggest that Na+-Mg2e is not directly involved with Mg2" entry into cTAL cells.
Concentration dependence ofMg2" refill rate. Fig. 7 illustrates the effect of external magnesium on the refill rate, (30) ; and 3'-deoxyadenosine (cordycepin), an inhibitor of polyadenylation involved in the processing of heterogeneous nuclear RNA (31) (32) (33) (34) inhibitors were added to the culture media 20 min before placing the cells in magnesium-free media and during the 4-h adaptive phase. Basal Mg2`levels and refill rates were determined after 4 h in magnesium-free media in the presence of the inhibitor. Actinomycin D treatment inhibited the adaptive response by 86% (Table V) , but had no effect on basal [Mg2+]j, and refill in cells cultured in media containing normal amounts of magnesium (data not shown). In order to determine ifactinomycin D may directly alter transport, cTAL cells were first adapted for 16 h in magnesium-free media and then exposed to actinomycin D for 4.5 h. Actinomycin D did not significantly alter Mg2e refill in cells adapted before treatment with the protein synthesis inhibitors (Table V) . Cycloheximide inhibited the adaptive response as measured by Mg2" refill rate inhibited by 60% and cordycepin by 55% (Table V) . Again, no effect was observed on basal [Mg2J]i in cells cultured in normal cells. These results suggest that protein synthesis is partially involved with the adaptation of transport sites in cTAL cells after placement in magnesium-free media. Mg2+ influx was determined in magnesium-depleted cells as illus- (17) (18) (19) 44) . It should also be noted that Mg2" does not share the Ca2" channel in cardiac or vascular smooth muscle cells (reviewed in reference 44). Although large amounts of Mg2" inhibit Ca2+ movement through the L-type Ca2" channel, Mg2" is not measurably permanent (44) . This is supported by the observation that Ba2", which readily crosses the Ca2+ channel (17) (18) (19) does not enter through the Mg2" channel (deduced from data given here).
The organic channel blockers, nifedipine, verapamil, and diltiazem, inhibit Mg2" entry into magnesium-depleted cTAL cells. These drugs appear to act at different sites along the length ofthe variously described Ca2+ channels particularly the L-type channels (17) (18) (19) . It would appear that these sites are also common to the Mg2" pathways. Bay K 8644, an agonist of Ca2+ channels, also increases Mg2e entry into cTAL cells. Further studies are required to determine if analogues of these or other agents may alter Mg2" entry without affecting Ca2+ channels.
The Mg2" entry pathway described here may be a channel which has a close homology to the well known Ca2" channels but differ somewhat in selectivity. This notion is based on the observation that the Ca2+ channel blockers (nifedipine, verapamil, and diltiazem) inhibit Mg2" uptake. Sodium The response of cTAL cells to magnesium-free culture media is relatively rapid; detectable within 1-2 h. It is interesting, however, that the increase in Mg2e refill rate is not maximal until -4-6 h. This may suggest that in addition to increasing the entry rate there may also be recruitment of new or formed transporters into the apical membrane. To test this possibility we used a number of agents known to inhibit protein synthesis and translation steps. Cycloheximide, through its rapid action to block protein elongation, has been widely used to inhibit protein synthesis. Inhibition of the de novo protein synthesis by the use ofcycloheximide resulted in diminution ofthe adaptive response, as assessed by the Mg2" refill rate, by -50%. Accordingly, part of the enhanced Mg2" uptake is dependent on de novo protein synthesis. The onset ofthe cellular effects of protein synthesis inhibition are directly related to the rapidity ofthe turnover ofa specific protein. Cycloheximide resulted in rapid inhibition ofthe adaptive response; accordingly, the transporters may be rapidly turning over.
To investigate the involvement of pretranslational steps in control of Mg2" transport, the inhibitors, actinomycin D and cordycepin, were used before adaptation. These agents resulted in 86% and 55% decrease in the adaptive response. Thus, total mRNA synthesis (29) , RNA polymerase (30), nuclear posttranscriptional polyadenylation (31) (32) (33) (34) , and perhaps other steps (31) 
